To probe for the role of the Ll cell surface glycoprotein during neurite outgrowth and fasciculation in the early postnatal mouse cerebellar cortex, a microexplant culture system was used. Fasciculation of neurites was reduced in the presence of antigenbinding fragments (Fab) of poly-and monoclonal Ll antibodies, as compared to untreated controls. In addition, speed of neurite outgrowth was enhanced in the presence of antibodies. Migration of cell bodies of small neurons was also significantly increased. Very similar effects on these outgrowth parameters were observed with Fab fragments from poly-and monoclonal neural cell adhesion molecule (N-CAM) antibodies. Antibodies from preimmune sera had no effect. These findings suggest that Ll antigen not only plays a role in adhesion of isolated neural cell bodies and migration of granule cell neurons in the early postnatal mouse cerebellar cortex Rathjen and Schachner, 1984), but also in neurite outgrowth and fasciculation.
cerebellar cortex (Faissner et al., 1984a; Keilhauer and Schachner, 1985; Lindner et al., 1983; Rathjen and Schachner, 1984) . Expression of Ll glycoprotein has so far been localized only to neurons in the central nervous system and to neurons and glia in the periphery (Faissner et al., 1984b) . During development of the mouse cerebellar cortex, granule cell neurons express Ll first after they have ceased to proliferate and before they have started to migrate inward from the external to the internal granular layer (Rathjen and Schachner, 1984) . The antigen is detectable on the cell body and concomitantly on the nascent axons of the postmitotic, premigratory granule cells that are to form the densely packed parallel fibers in the molecular layer. After migration, Ll is expressed for several days by postmigratory granule cells on the cell body and processes, but has disappeared from cell bodies and persists only on axons in adulthood.
The present study was undertaken to investigate the functional role of Ll expression on granule cell axons. A microexplant culture system was developed for this purpose that allowed the quantitative assessment of neurite outgrowth pattern in the early postnatal mouse cerebellar cortex. We could show that speed and pattern of neurite outgrowth, and movement of neuronal cell bodies, are affected by antigen-binding fragments (Fab) of poly-and monoclonal antibodies to Ll and neural cell adhesion molecule (N-CAM).
Materials and Methods

Animals
C57BL/6J mice were bred at the animal facilities of the Department of Neurobiology.
Antibodies
Mono-and polyclonal Ll antibodies were obtained as described previously (Rathjen and Schachner, 1984) . Mono-and polyclonal antibodies to N-CAM/BSP-2 were prepared as described previously (Goridis et al., 1983) . The specificity of these antibodies has been described (Faissner et al., 1984a) . Preimmune antibodies were obtained from unimmunized rabbits. Fab fragments were prepared by proteolytic digest with papain, as referred to elsewhere (Rathjen and Schachner, 1984) .
Culture medium
A serum-free, hormone-supplemented medium was used (Fischer, 1982) . It contained fatty acid-free BSA (1 mg/ml; Serva, Heidelberg), insulin (10 &ml; Serva), transfetrin (106 &ml; Sigma, Munich), aprotinin (1 &ml; Sigma), and thyroxine (0.1 nM; Serva). Glucose, glutamine, and the antibiotics, streptomycin and penicillin, were added as described (Fischer, 1982) .
Microexplant cultures
Cerebella were taken from 6-d-old mice, quickly transferred to culture medium, and freed from meninges, choroid plexus, and deep cerebellar nuclei with fine forceps. The remaining tissue was then forced through a Nitrex nylon mesh, pore size 300 pm (Moonen et al., 1982) . The small 606 Fischer et al. Vol. 6, No. 2, Feb. 1986 Figure 1. Cerebellar microexplant cultures after 2 d in culture without (A) and with (B) Fab fraaments of monoclonal Ll antibodies. Sixteen hours after plating, antibodies were added at 0.3 mg/ml of culture medium. Thirty-two hours later, cultures were fixed for examination by phase-contrast microscopy. Bar, 100 Wm.
tissue pieces were then washed 3 x in culture medium by sedimentation at 1 x g for 5 min each at room temperature and plated onto poly-Dlysine-coated coverslips (16 mm diameter) in approximately 50 ~1 culture medium per coverslip. Two to three coverslips were placed in one Petri dish (35 mm diameter). Sixteen hours after plating, 1 ml culture medium was added per Petri dish, containing Fab fragments of monoand polyclonal Ll or N-CAM antibodies that had been dialyzed extensively against culture medium prior to addition. Concentrations of Fab fragments ranged from 0.3 to 1.5 mg/ml. In control cultures, 1 ml culture medium without antibody was added. Microexplants were then maintained in a CO, incubator at 35.5"C for several days without change of culture medium.
Immunocytological procedures
Microexplant cultures were immunolabeled for tetanus toxin receptors, which in the early postnatal mouse cerebellar cortex are specific for neurons (Schnitzer and Schachner, 198 1) or for Ll antigen, as-described previously (Rathien and Schachner, 1984: Schnitzer and Schachner. 198 1) . In-some experiments, double'immunolabeling for glial fibrillary acidic (GFA) protein, a marker for mature astrocytes (Bignami et al., 1972) , or for vimentin, a marker for immature and mature astrocytes (Schnitzer et al., 198 1) and tetanus toxin receptors or Ll antigen, were carried out as described (Rathjen and Schachnerl 1984, Schmtzer and Schachner, 198 1) . Staining of oligodendrocytes with 04 antibodies was performed as described (Sommer and Schachner, 198 1).
Nuclear-and membrane-staining procedures
To monitor the localization of cell bodies in vitro, DNA staining was nerformed with bisbenzimide (H 33342: Riedel-De Haen. Seelze-Hannever) (Rathjen et al., 1981) .'Microexplants were fixed 'for 5 min at room temperature in PBS containing 4% paraformaldehyde and 1% glutaraldehyde. After extensive washing in distilled water, microexplants were treated with 2.5 wg bisbenzimide/ml distilled water for 1 min at room temperature. After one washing in distilled water, coverslips were mounted on glass slides in glycerol/PBS (9: 1, vol/vol) containing 2.5% NaI.
To visualize cellular processes better than by phase-contrast microscopy alone, cultures were treated with rhodamine-B-isothiocyanate (RITC) according to Amante et al. (1972) . Microexolant cultures were hxed, as described in the last paragraph: with pamformaldehyde and glutaraldehyde, rinsed extensively in distilled water, and stained in 50% methanol in water with 0.15 mg RITC/ml for 2 hr at room temperature. After extensive washings in 50% methanol in water, the coverslips were mounted on glass slides (see the previous paragraph).
For examination of microexplant cultures by phase contrast and fluorescence microscopy, using an inverted ICM 405 microscope (Zeiss), cultures were fixed, rinsed, and mounted on glass slides (see above). To evaluate the outgrowth pattern of neurites and the migration of cell bodies in a semiquantitative manner, several categories were defined (see Fig. 7 ). Explants were classified according to these categories in a double-blind procedure. Several independent evaluations of the same experiment yielded identical results.
Results
When cerebellar microexplants
are plated on poly-D-lysinecoated coverslips in serum-free, hormone-supplemented medium, they attach to their substrate within a few hours. After 2 d in vitro, cell processes that have left the explant core in a more random outgrowth pattern are visible (Fig. 1A) . These processes are identified as neurites by their reactivity with tetanus toxin and Ll antibodies (not shown). Four days after plating, neurites have extended further from the microexplants and fasciculation is more extensive (Figs. 2B, 3 ). Neurites continue to extend for up to 6 d, the longest time period studied. Outgrowth of glial fibrillary acidic (GFA) protein and vimentin-positive astrocytic processes from the explant core occurs later than neurite outgrowth (Fig. 4) . Astrocytic processes extend from the explant core in a somewhat radial fashion to a maximal distance of approximately one core diameter within 3-4 d in vitro (Fig. 2) . Sometimes, cell bodies of astrocytes also leave the explant within this time period, but have not been observed to reach the outer limits of neurite outgrowth.
Movement of small, tetanus toxin receptor-positive neuronal cell bodies from the explant does not depend on the presence of underlying astrocytic processes, which are all both vimentinand GFA protein-positive. Although neuronal cell bodies start their movement at the time of astrocyte outgrowth, they are clearly able to migrate on an astrocyte-free substrate in approximately 50% of the explants (see Fig. 4 ). The maximal distance reached by neuronal cell bodies is attained within 3-4 d after plating, by which time the extent of the outgrowth zone of neuronal cell bodies corresponds roughly to the area covered by astrocytic processes (Fig. 2) .
Fasciculation of neurites is easily detectable in the periphery, which is free of astrocytic processes, while the tendency to fasciculate appears less pronounced when neurites are in contact with astrocytes ( Fig. 2B ). Neurite tips and growth cones in the periphery are seen in bundles (Fig. 5 ). Fine extensions of neurites and growth cones are Ll-antigen-positive (not shown). Occasionally, single 04-antigen-positive oligodendrocytes can be seen, but they never seem to interfere with the neurite outgrowth patterns (Fig. 6 ). In general, these oligodendrocytes are situated on top of neurites and not underneath, as is the case with astrocytes.
Addition of Fab fragments of mono-and polyclonal Ll antibody 16 hr after plating the microexplant, and maintenance of cultures in the presence of antibody for another day results in a different outgrowth pattern from that of the control (Fig.  1) . Neurites extend more quickly in a less fasciculative manner, and, generally, more cell bodies leave the more flattened explant core (Fig. 1) . Three days after the addition of antibodies to the cultures, neurites have formed a profuse halo around the explant core, displaying less tendency to fasciculate, particularly at the periphery (Figs. 2 and 3 ). The number of neurites does not appear to be drastically reduced in the presence of Ll antibodies (Figs. 2 and 3) . Although some fascicles are still visible in Ll antibody-treated cultures, they are generally much thinner than in control cultures. Furthermore, neurite tips and growth cones show a significantly reduced degree of adhesion to each other in Ll antibody-treated cultures, whereas in control cultures, single processes are rarely seen (Fig. 5) . So far, we have not found an influence of Ll antibodies on the mobility of growth cones, as revealed by time-lapse cinematography. Movement and association of oligodendrocytes with neurites is not changed in the presence of Ll antibodies. The outgrowth pattern of astrocytes is not different from that of control cultures (Fig. 2) nor is the spatial relationship of neuronal cell bodies and astrocytic processes changed (for control, see Fig. 4 ). However, the number of neuronal cell bodies that move away from the explant core is increased (Fig. 2, C, F) .
Addition of Fab fragments from poly-and monoclonal N-CAM antibodies to the cultures results in similar effects as were observed with Ll antibodies: reduction in fasciculation, increased rate of neurite extension, increased number of neuronal cell bodies leaving the explant core, and unchanged relative position of neuronal cell bodies and astrocytic processes. Figure 3 shows five representative micrographs of microexplant cultures after 4 d of maintenance with and without Ll and N-CAM antibodies.
An attempt was made to quantify the observed effects. Extent of neurite outgrowth, pattern of neurite fasciculation, and movement of neuronal cell bodies away from the explant core were taken as the most characteristic features and the most reliably quantifiable parameters (Figs. 7 and 8 ). These parameters were described as categories (see the legend to Fig. 7 ) and were studied semiquantitatively during the period of l-3 d after addition of Ll and N-CAM antibodies. It is evident that the observations on rate of neurite extension, fasciculation, and neuron movement in the absence and presence of Fab fragments of poly-and monoclonal Ll and N-CAM antibodies, described in the previous paragraphs, agree with the quantitative measurements (Fig. 8) . Monoclonal Ll antibodies show a somewhat more pronounced effect than polyclonal Ll antibodies at the same concentrations, with regard to neurite outgrowth, fasciculation of neurites, and movement of neuronal cell bodies, particularly 2 d after addition of antibodies to the cultures.
Controls for the specificity of the effects of Ll antibodies consisted of the addition of other antibodies or choleragenoid to the explant cultures. Fab fragments of antibodies from preimmune rabbit serum, and the GM, ganglioside binding choleragenoid have no effect at concentrations of 1 and 0.05 mg/ml, respectively. However, Fab fragments of all antibodies tested so far that are directed against the cell surface of all or some cell types in the explant change the patterns of neurite outgrowth Fischer et al. Vol. 6, No. 2, Feb. 1986 Figure 3. Cerebellar microexplant cultures after 4 d in vitro without antibodies (A-E), and supplemented with Fab fragments of monoclonal Ll (F-J) or monoclonal N-CAM (K-U) antibodies (0.5 mg/ml) 16 hr after plating. Cultures were fixed and stained with RITC. Five representative micrographs for control and antibody-treated cultures are given for assessment of experimental variability. To visualize nemites in the periphery, fluorescence micrographs had to be overexposed. This resulted in obscuring the boundary between the explant core and adjacent outgrowth zone. Bar, 300 pm.
and/or cell-body movement. These are polyclonal antibodies to mouse liver membranes , monoclonal L2 antibodies (Kruse et al., 1984) , monoclonal antibodies M2, M5, and M6 (Lagenaur and Schachner, 1981; Lagenaur et al., unpublished observations) . However, the particular character of interference with the outgrowth patterns was distinctly different from antibody to antibody in all parameters investigated (not shown). It is noteworthy that Fab fragments of polyclonal liver membrane and monoclonal L2 antibodies do not interfere with neurite fasciculation. 
Discussion
The present study has shown that Fab fragments of Ll antibodies induce changes in the speed and pattern of neurite outgrowth in microexplants from the mouse cerebellar cortex without apparent reduction in number of neurites. In addition, there is a slight, but significant, influence on the outward movement of neurons. The effect of Ll antibodies on fasciculation is considered specific, since choleragenoid or antibodies to liver membranes, or monoclonal L2 antibodies, which bind to the cell surfaces of cerebcllar cells, do not inhibit fasciculation of neurites. Interestingly, N-CAM antibodies have very similar effects on the fasciculation pattern and movement of neuronal cell bodies to Ll antibodies. However, we have not yet found an antibody that reacts with the surfaces of some or all cell types present in the explants and does not interfere with at least one feature in outgrowth patterns. Specific effects of antibodies under study can therefore only be interpreted in comparison with other, cell surface-reactive ones. It is noteworthy that another complex culture system, designed to reveal the migration of granule Figure 7 . Schematic presentation of neuron migration, neurite outgrowth, and fasciculation patterns in cerebellar microexplant cultures. These categories were chosen to allow the semiquantitative evaluation of the salient features in outgrowth patterns, which can be assessed confidently at the light-microscopic level. Electron-microscopic determinations of neurite numbers and orientations were not considered feasible for statistical evaluations. Identification of neuronal cell bodies and processes is based on immunolabeling for Ll antigen or tetanus toxin receptors. Roman numbers refer to distribution of neuronal cell bodies around the explant core. Z, Cell bodies in close vicinity of the explant core. ZZ, Cell bodies localized away from the explant core by a distance > 5 x their diameter in a loosely packed distribution. ZZZ, Cell bodies localized at a distance from the explant core, which is > 10 x their diameter, but, unlike ZZ, in a more densely packed distribution. Arabic numbers refer to distance covered by cellular processes. 1, Cellular processes remain within ca. 1 diameter of the explant core (~250 gm long). 2, Cellular processes are found at distances larger than the diameter of the explant core (>250 pm long), at the periphery in the cell-free outgrowth zone. Letters, The fasciculation pattern of neurites: a, Processes form thick fasciculating bundles (>3 pm in diameter); growth cones rarely extend beyond these bundles. b, Processes form thinner bundles (~3 pm in diameter) and numerous growth cones remain separated from each other. c, Processes form a continuous sheet of bundles without extending single processes.
cell neurons , was less sensitive to perturbations by a variety of reagents, including monoclonal antibodies M2, polyclonal antibodies from rabbits against mouse liver membranes, and tetanus and cholera toxins Lindner and Schachner, unpublished observations) .
Neurite fasciculation is predominantly modified, in the presence of Ll and N-CAM antibodies, in the periphery of the outgrowth zone, and less on the layer of astrocytic processes. Oligodendrocytes do not interfere with fasciculation of neurites, either in the absence or presence of Ll antibodies. These observations point to an influence of a type of substrate on formation of fascicles between neurites. A possible interpretation of these findings is that the interaction of neurites and astrocytes is so strong that the formation of larger fascicles is not favored (see Noble et al., 1984) and that consequently, a reduction of adhesive forces between neurites by L 1 antibodies does not play a significant role in altering neurite fasciculation on astrocytes. Conversely, the interaction of neurites at the periphery of the outgrowth zone with the poly-D-lysine substrate, which is probably modified by cell secretion products (see, e.g., Gundersen and Barrett, 1984) , is weaker, so that the formation of fascicles between neurites would be enhanced and an Ll antibody-mediated decreased affinity between neurites would become evident. Enhancement in speed of neurite outgrowth in the presence of Ll antibodies could also be interpreted as resulting from a delicate balance of adhesive forces between the neurite shafts themselves, and between neurites and substrate. A release from the constraints of adhesive forces between adjacent neurites could result in an accelerated outgrowth of neurites. Previous attempts to interfere with the fasciculation of axons in parallel fiber-like configuration, both in long-term reaggregate cultures of cells from early postnatal mouse cerebellum (Lindner et al., 1985) and in neurites extending from explants of mouse dorsal root ganglia , have failed, probably because neurite-environment affinities were stronger than those at concentrations of 0.3-0.7 mg/ml. No differences were seen within this concentration range. Antibodies were added as described in Figure  2 . A, To correlate the extent of neurite outgrowth (I and 2) with pattern of cell-body distribution (I, II, and III; see Fig. 7 ), the following evaluation scheme was adopted: After assigning individual explants to their arabic and roman categories, the total numbers of explants were summed up and taken as 100%. Then the percentage distributions of categories I-III were calculated separately within the group of explants of category 1 (cut. I) and within the group of explants of category 2 (cut. 2). (Z, -; ZZ, -----; ZZZ, ---). B, Fasciculation patterns were analyzed according to categories a, b, and c (see Fig. 7 ). Total numbers were summed up and taken as 100%. Values are given as percentage distributions. (a, --; b, -----; c, ---) . Five independent experiments with mono-and polyclonal Ll antibodies and two independent experiments with monoclonal N-CAM antibodies were carried out. For each time point, at least two to three coverslips with 35 to 55 microexplants each were evaluated for each experiment. SEMs indicated only when they exceed 10%. Abscissa, Days in vitro after addition of antibodies (16 hr after plating). among neurites, or were not easily amenable to quantification (Lindner et al., 1985) . Whether the balance of adhesive forces revealed in the present microexplant culture system indeed corresponds to the situation in the intact tissue remains to be established. However, since, in the developing cerebellar cortex, the outgrowing axons of granule cell neurons are in close apposition to each other, and relatively undisturbed by glial processes, some of these features may be reflected in the microexplant culture system.. We therefore suggest that Ll antigen may be involved in the orientation and alignment of outgrowing granule cell axons and maintenance in their parallel fiber configuration in the adult state. The fact that Ll antigen plays a role in neurite fasciculation in vitro appears to correlate with the observation that, in the embryonic mouse spinal cord, Ll antigen is present on fasciculating, but not on nonfasciculating, axons (J. Holley and M. Schachner, unpublished observations). Here, one and the same axon differentially expresses L 1 antigen, depending on whether it is in a fasciculative or nonfasciculative state. Furthermore, axons, but not dendrites, have been observed to express Ll antigen in the mouse embryonic spinal cord (J. Holley and M. Schachner, unpublished observations). That axons may also use other adhesive forces is not unlikely, since N-CAM is expressed by parallel fibers in mouse cerebellum in situ (Langley et al., 1982) and N-CAM antibodies interfere with fasciculation of neurites in the present culture system. In addition, Fab fragments ofN-CAM antibodies have been shown to reduce neurite fasciculation in cultures of spinal ganglia (Rutishauser and Edelman, 1980; Rutishauser et al., 1978) . However, in contrast to Ll antigen, N-CAM is expressed at earlier developmental stages, not only on neurons, but on glial cells as well (Keilhauer and Schachner, 1985) and not only on axons, but also on dendrites. Thus a broader spectrum of morphogenetic functions has to be postulated for N-CAM.
With regard to the more extensive outward movement of small neuronal cell bodies from the explant core, a question arises about the guiding cellular mechanisms. It is noteworthy that the cell bodies do not need an astrocytic carpet for migration and may move in association with neurites. This does not rule out, however, the possibility that neurons can migrate on astrocytic processes if they are present, as has been observed in vivo (Rakic, 197 1) and in vitro (Hatten et al., 1984) . However, in our culture system, timing and extent of neuron movement, particularly in the early outgrowth phases, are quite independent of astrocytes. It is conceivable, therefore, that the extent of migration is unrelated to astrocytes and intrinsic to granule cell neurons themselves (Trenkner et al., 1984 ). An influence of Ll antibodies on neuron movement along neurites or in association with other neurons is not unlikely, since it can be shown that Ll antibodies inhibit neuron-to-neuron (Faissner et al., 1984a; Rathjen and Schachner, 1984) , but not neuron-to-astrocyte or astrocyte-to-astrocyte adhesion (Keilhauer and Schachner, 1985) . We would like to suggest, therefore, that in microexplant cultures, neurons that are predominantly postmitotic in this system (unpublished observations) display adhesive forces to each other and to neurites, and that when these are reduced in the presence of Ll antibodies, neurons become more mobile. Interestingly, in a different, suspension explant culture system, Ll antibodies inhibit rather than promote migration of granule cell neurons from the outer to the inner granular layer . We therefore speculate that in the latter system, neuron-toneuron adhesion, or the "sorting out" of postmitotic neurons from the Ll antigen-negative proliferating ones in the external granular layer, is Ll antigen-dependent and a prerequisite for migration of granule cells. Alternatively, fasciculation of granule cell axons as parallel fibers in the nascent molecular layer may be a necessary condition for migration of cell bodies. The elucidation of the physiological role of Ll antigen during cerebellar development in vivo remains a topic for further investigation.
